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Summary
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Protein splicing of the yeast VMA1 intein and others
PI-SceI is a bifunctional yeast protein that propagates requires catalytic elements present in the intein and
its mobile gene by catalyzing protein splicing and site- the first residue of the C-terminal extein (Cooper and
specific DNA double-strand cleavage. Here, we report Stevens, 1995). Mutagenesisstudies have identified crit-
the 2.4 AÊ crystal structure of the PI-SceI protein. The ical residues at the intein±extein borders (Hirata and
structure is composed of two separate domains (I and Anraku, 1992; Cooper et al., 1993; Chong et al., 1996)
II) with novel folds and different functions. Domain I, and have provided strong evidence for a common pro-
which is elongated and formed largely from seven b tein splicing pathway (see Chonget al., 1996 for reaction
sheets, harbors the N and C termini residues and two pathway). First, the peptide bond at the N-terminal in-
His residues that are implicated in protein splicing. tein±extein junction is replaced with a thioester linkage
Domain II, which is compact and is primarily com- through an N-to-S acyl rearrangement catalyzed by
posed of two similar a/b motifs related by local two- Cys-1 of the intein. Second, transesterification occurs
fold symmetry, contains the putative nuclease active as a result of nucleophilic attack of the N-terminal junc-
site with a cluster of two acidic residues and one basic tion by Cys-455, the first residue of theC-terminal extein.
residue commonly found in restriction endonucleases. This reaction yields a branched intermediate with two
This report presents prototypic structures of domains N termini derived from the intein and N-terminal extein.
Third, aminosuccinimide formation by Asn-454, thewith single endonuclease and protein splicing active
C-terminal residue of the intein, is coupled to cleavagesites.
of the intein from the branched intermediate. Finally,
conversion of the extein±extein thioester linkage into aIntroduction
peptide bond occurs by an S-to-N acyl shift.
To initiate intein homing, PI-Sce I cuts the yeast ge-PI-SceI is a 454 amino acid (Mr 50 k) bifunctional protein
nome exclusively at the VMA1 locus (Bremer etal., 1992).encoded by a mobile selfish DNA at the VMA1 locus of
Site-specific cleavage occurs within a 31 bp asymmetri-S. cerevisiae (Gimble and Thorner, 1992). It occurs as
cal recognition site to generate a 4 bp overhang with aan internal protein segment (termed the intein) situated
59 phosphate and requires Mg21 as a cofactor (Gimble
between the N- and C-terminal segments (termed ex-
and Wang, 1996). PI-SceI exists as a monomer in solu-
teins) of an ATPase host protein, and initiates an intein
tion (Gimble and Thorner, 1993) and also in contact with
homing process that results in the transfer of its DNA DNA (Wende et al., 1996). In the absence of Mg21, the
coding sequence to a recipient VMA1 locus that lacks protein forms stable intermediates where it is bound
the intein gene (Gimble and Thorner, 1992). First, it auto- solely to a 17 bp sequence adjacent to the cleavage
catalyzes its excision from the middle of a 119 kDa site (minimal binding region) or to the entire substrate
protein precursor by protein splicing and ligates the two (Gimble and Wang, 1996; Wende et al., 1996). PI-SceI
flanking exteins to generate the 69 kDa vacuolar ATPase makes extensive major groove contacts in the cleavage
subunit (Hirata et al., 1990; Kane et al., 1990; reviewed site region, whereas it uses primarily phosphate back-
in Cooper and Stevens, 1995). Second, the excised PI- bone contacts within the minimal binding region (Gimble
SceI functions as a site-specific DNA endonuclease that and Wang, 1996). Interestingly, PI-SceI significantly dis-
makes a double-strand cut in the recipient VMA1 locus. torts the DNA (z608±758) when bound to the entire rec-
Repair of this break during meiosis by yeast repair func- ognition site (Gimble and Wang, 1996; Wende et al.,
tions propagates the intein gene (Gimble and Thorner, 1996). These findings can be understood in terms of a
1992). model where PI-SceI binds first to the minimal binding
Based on conserved sequence motifs or blocks, PI- region, then contacts the cleavage site and stabilizes a
SceI is related to two different groups of proteins found DNA distortion that positions the labile phosphodiester
bonds into the enzyme active site.in organisms from each phylogenetic kingdom (for a
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Here, we report the 2.4 AÊ X-ray crystal structure of an almost equal mixture of helices (7) and strands (9)
forming the compact and globular domain II. A searchthe PI-SceI protein. The data clearly reveal the structural
and functional duality of the enzyme. Amino acid resi- (Holmand Sander, 1995) for protein ordomain structures
that are homologous with either domain in PI-SceIdues comprising the nucleolytic active site, identified
by a cluster of charged residues that are conserved in proved negative.
The 19 strands in domain I are incorporated into athe protein family, reside in one domain, while those
that participate in protein splicing are located in the total of 7 closely packed b sheets approximately divided
into two dissimilar underlying substructures (Figures 2other. Preliminary docking of a DNA model revealed new
features of molecular recognition. Furthermore, exami- and 3). The elongated structure of domain I is primarily
due to side-by-side arrangement of sheets 2, 10, 5, andnation of the structure immediately suggests an evolu-
tionary model that explains the association of the two 6, which constitute one substructure, with sheet 6 pro-
viding a long extension. The other shorter substructure,disparate activities.
comprised of sheets 1, 3, and 4, form a b sandwich with
sheets 2, 10, and 5 (Figure 2). As domain I harbors bothResults and Discussion
terminal residues (Cys-1 and Asn-454) (Figures 2 and
4A), which are conserved between various inteins andStructure and Novel Domain Motifs
The three-dimensional structure of PI-SceI, the first for are essential for protein splicing (Pietrokovski, 1994), it is
associated with the self-splicing machinery. Consistenta homing endonuclease and a protein generated by pro-
tein splicing, was determined by multiwavelength anom- with its autocatalytic self-splicing function, both termi-
nal residues are in close proximity and are lodged in aalous dispersion (MAD) and has been refined at 2.4 AÊ
resolution to an R factorand an Rfree of 19.2% and 23.8%, cavity surrounded by parts of sheets 1, 3, 5, 7, 8, 25,
26, 27, and 28 (Figures 2 and 4A).respectively (Table 1). A portion of the electron density
is shown in Figure 1. The two independent molecules The compact domain II is mainly built up from two sub-
structures, each with very similar secondary structurewithin the asymmetric unit are very similar and can be
overlapped with an rms deviation of about 1 AÊ between motifs (a4±b14a5b15b16a6 and a7b19b20a8b21b22a9)
(Figures 2 and 3). Moreover, the two motifs are relateda carbons. The structure is composed of two separate
domains (I and II) connected by two peptide segments by local two-fold symmetry about an axis between the
vertical parallel a4 and a7 with a relative twist of about(Figures 2 and 3). Both domains possess not only un-
usual folds but also different functional sites located on 358 (Figure 2). Helices 4 and 7 contain the two dodeca-
peptide sequences that are distinguishing characteris-the opposite sides of themolecule. Domain I, comprising
the first 182 and the last 44 residues, is an unusual tics of homing endonucleases and maturases (Michel
et al., 1982; Waring et al., 1982; Hensgens et al., 1983).elongated domain (about 3:1 axial ratio) composed
almost entirely of b sheets (19 strands). The intervening The two vertical parallel helices are surrounded by two
nearly horizontal pairs of symmetry-related helices (a5continuous segment comprising residues 183±410 adopts
Table 1. Summary of Crystallographic Analysis
Data Collection Statistics (10±2.4 AÊ )
Wavelength (AÊ ) 0.9794 (Peak l1) 0.9790 (Edge l2) 0.9656 (Remote l3)
Number of Unique 77252 77124 77512
Completeness (%) 96.7 96.5 96.9
Multiplicity 3.0 3.0 3.1
Rsym 0.060 0.059 0.063
Phasing Statistics for MADSYS Analysis (10.0±2.6 AÊ )
MAD Diffraction Ratios Scattering Factors
l1 l2 l3 f9 (e2) f99 (e2)
l1 0.044 0.037 0.046 210.0 4.03
(0.031)
l2 0.067 0.031 27.14 5.87
(0.033)
l3 0.048 23.71 4.12
(0.031)
Agreement of MADLSQ-Derived Quantities
R(|0FA(h)|) 5 0.376 ,D(DF (h). 5 37.78
R(0FA model) 5 0.43 ,s(DF (h). 5 15.98
R(|0FT(h)|) 5 0.059 ,m. 5 0.89
Refinement Statistics
Solvent Rcryst Rfree Rms of Bond Rms of Bond
Resolution (AÊ ) Atoms Molecules (%) (%) Length (AÊ ) Angle (8)
10±2.4 6768 349 19.2 23.8 0.14 1.9
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Figure 1. Stereo View of the Final 2.4 AÊ |2Fo|2|Fc| Electron Density Map in the Region of the Putative Nuclease Active Site Containing Asp-
218, Asp-326, and Lys-301
The map was contoured at 1s.
and a6 in one motif related to a8 and a9, respectively, as acidic residues among the related homing endonu-
cleases and maturases (Mueller et al., 1993; Pietrokov-in the other). The approximate symmetry is also clearly
ski, 1994). Conservation of the dodecapeptide motifsapparent between the two b sheets in both motifs that
among the protein family may be a consequence of theflank the C-terminal ends of the two parallel helices and
fact that they comprise the two a helices that correctlythat form a concave twisted canopy above the symme-
position the active site residues. Lys-301 is a conservedtry-related helices (Figure 2). (Although the segment fol-
residue within a separate motif found in inteins (Blocklowing a4 in one sheet is not quite a sheet strand, it is
D, Pietrokovski, 1994) and several maturases. Finally,topologically equivalent to b14 of the other sheet [Fig-
substitutions of the two Asp residues by site-directedures 2 and 3]). The similarity of the two motifs is evident
mutagenesis abolish DNA cleavage but not bindingfrom superpositioning of the a carbon atoms of the 63
(Gimble and Stephens, 1995), and a Lys-301-to-Ala sub-pairs of residues in theoverlapped secondary structures
stitution leads to loss of catalytic activity (data notof both motifs, which show an rms deviation of 1.7 AÊ .
shown).The resulting overlapped sequences reveal 22% identity
In spite of profound differences in the overall struc-and 46% similarity.
tures of the restriction endonucleases and PI-SceI (dis-
cussed below), the similar active site arrangement sug-
Endonuclease Active Site gests an analogous hydrolytic mechanism. Asp-218 and
The nuclease active site apparently resides in domain Asp-326 of PI-SceI appear to be structurally equivalent
II, at the C-terminal ends of the parallel helices 4 and 7. to acidic residues in EcoRI, EcoRV, BamHI, and PvuII
This location is consistent with several pieces of evi- (Aggarwal, 1995) and presumably comprise part of the
dence. Two Asp residues (Asp-218 and Asp-326) that Mg21 binding site. Although Mg21 was present during
are located at the C termini of the parallel helices and crystal growth, its location has not been clearly estab-
Lys-301, found in a loop immediately after b18, form a lished. There is a density between the two Asp carboxyl-
charged cluster (Figures 2 and 4B) that bears similarity ate sidechains that, at present, is assigned to a water
with those commonly seen in the catalytic sitesof homo- molecule (Figure 1). The exact role of the Mg21 ion in
dimeric restriction endonucleases with previously de- the PI-SceI reaction pathway is unclear, but in the case
termined three-dimensional structures (EcoRI, PvuII, of the restriction enzymes, its proposed function is to
EcoRV, and BamHI; for a review, see Aggarwal, 1995). polarize the phosphate that is attacked. The close prox-
Comparison of the PI-SceI Asp-218, Asp-326, Lys-301 imity of the two Asp residues implicated in Mg21 binding
triad with the identical residues in the active site of likely requires that helices 4 and 7 mesh and remain in
EcoRV restriction endonucleases indicates an rms devi- close contact. For EcoRV, it has been proposed that a
ation of about 2 AÊ between a carbons. The Asp-218 and second Mg21 ion that is bound by a third acidic residue
Asp-326 residues in PI-SceI occur at positions within functions to activate theattacking water molecule (Bald-
win et al., 1995; Vipond et al., 1995). However, there isthe dodecapeptide motifs that are extremely conserved
Cell
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Figure 2. Stereo Ribbon Drawing of the a Carbon Backbone Trace of PI-SceI
Domain I is shown at the bottom and domain II at the top. a helices and b strands are green and blue, respectively. All nine helices and
selected strands spaced at nearly equal intervals are labeled based on the identifications shown in Figure 3. Amino and carboxy termini,
which are part of the self-splicing site, are labeled (N) and (C), respectively (see Figure 4A for details). Labeled in red are the positions of the
three residues in domain II (Asp-218 and Asp-326 at the C termini of a4 and a7, respectively, and Lys-301 in a loop) that form a charged
cluster in the endonuclease active site (see Figure 4B for details). Relative to the figure, the splicing and endonucleolytic active sites are
located in the back and front, respectively. The local two-fold symmetry axis between the similar secondary structure motifs in domain II is
located between the two vertical helices (a4 and a7) at the center of the domain and perpendicular to the plane of the figure. This figure and
Figures 4A and 4B were drawn using RIBBON (Carson, 1991).
no obvious equivalent acidic residue in PI-SceI structure containing a single dodecapeptide motif (Henke et al.,
1995; Lykke-Andersen et al., 1996; Wende et al., 1996).or in the conserved blocks of the other homing endo-
nucleases, so a two metal ion mechanism is unlikely for General features of DNA cleavage by the Type IIs FokI
endonuclease resemble those of PI-SceI, even thoughthis enzyme family. The lysine residues found in the
catalytic triads are thought to stabilize the doubly the sequences of the enzymes and the specific protein±
DNA interactions are very different. Like PI-SceI, FokIcharged pentavalent transition state (Kostrewa and
Winkler, 1995), and a similar role may be played by recognizes an asymmetric binding site, binds DNA as a
monomer (Skowron et al., 1993), and possesses a singleLys-301.
Because PI-SceI is a monomer in solution (Gimble active site (Waugh and Sauer, 1993). How a single cata-
lytic center in Fok I or in PI-SceI effects sequential scis-and Thorner, 1993) and even in the presence of DNA
(Wende et al., 1996; F. S. G., unpublished data), there sion of both DNA strands is unclear, but movement of
either the protein or the DNA following first strand cleav-has been some speculation as to whether the enzyme
contains 1 catalytic site that cuts two strands or 2 cata- age may be involved.
lytic sites, each of which cleaves at one strand. The
structural and mutational data (see above) are fully con-
sistent with there being one active site that lies close Potential DNA-Binding Sites and DNA Docking
The nature of the areas around the putative active siteto the approximate center of symmetry in domain II.
(Although the structure determined is that of two mole- in domain II indicates potential sites for DNA binding.
The obvious areas include the exposed surfaces of thecules in the asymmetric unit, related by local two-fold
symmetry, the active sites of the two proteins are sepa- two symmetry-related b sheets flanking the two Asp
active site residues and the b-hairpin loops (betweenrated by about 40 AÊ .) We are unable to find another
similar three charged residue cluster that: (1) would be b15 and b16 and betweenb21 and b22) abovethe sheets
(Figure 2). Loops are very often seen in structures ofat an appropriate distance (about 13 AÊ ) to the first cluster
for DNA cleavage to leave a 4 bp overhang, and (2) DNA-binding proteins involved in interacting with either
the major or minor groove of DNA, including those ofwould be conserved among homing endonucleases
(Pietrokovski, 1994). The data, taken together, do not restriction endonucleases (Aggarwal, 1995). Sheets
have also been observed as docking sites for DNA (e.g.,support the suggestion of two active site domains, each
PI-SceI Homing Endonuclease X-Ray Structure
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Figure 3. Topology Diagram of PI-SceI
Structure
The circles (green) and triangles (red) re-
present a helices and b strands, respectively.
The bold numbers identify the ten different b
sheets. The two secondary structure motifs
(a4±b14a5b15b16a6 and a7b19b20a8b21
b22a9) related by local two-fold symmetry in
domain II are enclosed in the rectangular box
with dashed lines. Although the segment be-
tween a4 and b14, which forms a single hy-
drogen bond with b14, is technically not a b
strand, it is topologically identical to b19 of
the second motif (see also Figure 2). The
closerproximity betweena7 and b19 is meant
to convey a one residue connection (Gly 327)
between the two secondary structures.
in PvuII restriction endonuclease, MetJ and Arc repres- and right (or plus) sequences, respectively, of the center
of the cleavage site. This docking arrangement of thesor proteins [Somers and Phillips, 1992; Cheng et al.,
1994; Raumann et al., 1994]). Evidence for the involve- DNA takes into account the experimental observation
that the left sequence requires fewer base pairs thanment of loops and b sheets in domain II in DNA binding
come from proteolytic protein footprinting studies of the right for DNA binding and cleavage (Gimble and
Stephens, 1995; Gimble and Wang, 1996). Moreover,I-PorI and I-DmoI, two archaeal homing endonucleases
related to PI-SceI (Lykke-Andersen et al., 1996). In both the right sequence alone is sufficient for high affinity
binding to PI-SceI (Gimble and Stephens, 1995; Gimbleendonucleases, the footprinting studies identified four
sites for binding DNA that follow immediately and ap- and Wang, 1996; Wende et al., 1996). The DNA-binding
surface of sheet 7, which extends to the edge of theproximately 40±60 residues after each dodecapeptide
repeat. Although the interpretation of this result as indi- protein, is more limited than that of sheet 9, which ex-
tends toward the middle of the protein structure. Third,cating the presence of two separate DNA-binding do-
mains is incorrect (see above), the four sites map on our the four DNA-binding sites, two following each of the
dodecapeptide repeat helices, which contain positivelyPI-SceI three-dimensional structure on exposed parts of
the areas identified above. For example, in I-PorI, the charged residues, are close to the DNA. Fourth, a bend
of about 558 is directed toward the major groove attwo sites after the first dodecapeptide repeat coincide
with the C terminus of the nonsheet segment immedi- about 17 bp to the right of the center of the cleavage
site, which lies close to the junction between the twoately following the first dodecapeptide repeat helix (a4)
and b14 and with the loop preceeding b16 that is above domains. This is the approximate location of the bend
detected experimentally (Gimble and Wang, 1996;the sheet (Figures 2 and 3). The two sites after the sec-
ond dodecapeptide repeat align with the loop between Wende et al., 1996). This bend is necessitated by the
angular orientation between domain I, especially theb19 and b20 and with the large loop between b21 and
b22 above the sheet (Figures 2 and 3). Furthermore, sheet 6 extension, and domain II (Figures 2 and 5). Fifth,
the DNA was docked as closely as possible to clustersmutations located within the large loops and b sheets
interfere with substrate binding (F. S. G., unpublished of exposed, intensely positive, charged residues (Figure
5). In domain II, these clusters are located in the fourdata).
To help comprehend the interaction of PI-SceI with binding sites indicated above. A heavy concentration of
positive surfaces is also found in an area at the interfaceits lengthy recognition site (31 bp or longer; Gimble and
Wang, 1996; Wende et al., 1996), we carried out a prelim- between the two domains and in the extended region
of domain I. In support, the DNA makes numerous phos-inary docking of a DNA onto the structure using the
program GRASP (Nicholls et al., 1993), which identifies phate backbone contacts in the region that is thought
to bind to the interdomain surface (Gimble and Wang,surface contours and electrostatic charge potentials. In
docking of a 30 bp B-form model (Figure 5), we were 1996).
In docking the DNA, it became apparent that the sizeguided by five criteria. First, the scissile bonds of the
DNA were placed as close as possible to the pair of Asp or diameter of globular domain II is insufficient to accom-
modate the entire 30 bp DNA model, even in the pres-residues in the putative active site. Second, the two
symmetry-related sheets, along with their loops, served ence of the bend. DNA binding would require the partici-
pation of domain I. The docking model indicates thatas a platform for docking DNA; sheets 7 and 9 for base
pairs to the left (or minus; see Gimble and Wang, 1996) domain II can recognize about 14 bp (from about 28 bp
Cell
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Figure 4. Stereo Views of the Functional Sites in PI-SceI
(A) The protein self-splicing site containing the essential N-terminal Cys-1 and C-terminal Asn-454 residues viewed from the back of domain
I, as shown in Figure 2. His-79 and His-453, positioned proximal to the terminal residues, are extremely conserved between self-splicing
proteins and could perform as general acids/bases in the autocatalytic splicing reaction. Three of the b strands that are identified are further
linked to subsequent strands in the site shown (e.g., b3 to b6, b7 to b8, and b24 to b28).
(B) The endonuclease active site containing the charged cluster of three residues (see text). The orientations of the two symmetry-related a4
and a7 dodecapeptide repeats are similar to those shown in Figure 2.
PI-SceI Homing Endonuclease X-Ray Structure
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Figure 5. An Approximate Docking Model of
a B DNA to PI-SceI
Protein surface charge distribution was cal-
culated and displayed by the program
GRASP; potentials less than 210 kT, neutral,
and greater than 10 kT are displayed in red,
white, and blue, respectively. The orientation
of the molecule (domain I to the right and
domain II to the left) is related to that shown
in Figure 2 by a counterclockwise rotation of
about 908. The negative surface at the active
site is contributed by Asp-218 and Asp-326.
Lys-301 lies in the positive surface slightly
below and to the right of this negative sur-
face. The DNA is oriented so that the top
strand (59 to 39) starts from left and the center
of the cleavage site on the active site. The
discontinuity in the backbone representation
is caused by the introduction of a bend of
about 558 in the modeling. See text for further
details.
to 16 bp of the cleavage site). The additional 16 or more transesterification, is unknown, since that residue is ab-
sent from the protein. Cleavage of the peptide bondbp on the plus, or right, sequence of the cleavage site
extends to the arm of domain I, which contains a high between Asn-454 and Cys-455 is coupled to the cycliza-
tion of Asn-454 that yields a C-terminal amino succini-concentration of clusters of intense positive charge (Fig-
ure 5). The limited base sequence potentially recognized mide (Chong et al., 1996). In the PI-SceI structure, this
position contains Asn because the protein was gener-by domain II is consistent with the observation that en-
donucleases related only to this domain recognize much ated by recombinant methods rather than by protein
splicing. Mutagenesis studies have suggested that His-shorter DNA substrates (z14±20 bp). In addition, the
sharp bend in the DNA, which has been experimentally 453 assists in the cyclization of Asn-454 (Cooper et al.,
1993; Chong et al., 1996). In support of this idea, theobserved in complexes of PI-SceI with DNA, may very
well be due to the presence of the elongated domain PI-SceI crystal structure shows that the imidazole side
chain of His-453 lies very close to Asn-454 (Figure 4A).I which, as the structure indicates, adopts a roughly
equivalent bend relative to domain II. Whether the structure of the excised PI-SceI intein re-
sembles that of the extein±intein precursor is unknown,
as conformational changes may occur during the splic-The Protein Splicing Catalytic Site
ing process.The structure of the PI-SceI intein represents the ex-
cised end product of protein splicing. The positions of
the key junction amino acid residues (Figure 4A) identi- Evolutionary Implications of the Structure
The bipartite domain structure of PI-SceI is likely paral-fied by mutation are entirely consistent with their pro-
posed roles in the reaction pathway of self-splicing (Hir- leled by a separation of the protein splicing and endo-
nucleolytic cleavage activities. In the case of the relatedata and Anraku, 1992; Cooper et al., 1993; Chong et
al., 1996). Our structural analysis has also revealed the PI-TliI intein, it has been demonstrated that mutations
that abolish one activity have little or no effect on thepresence of two His residues that occur in domain I,
close to both terminal residues (Figure 4A): His-79, other (Hodges et al., 1992). Moreover, substantial evi-
dence suggests that the two domains and activitieswhich is invariant among inteins (Perler et al., 1997), and
His-453, which is conservedbut not essential for splicing evolved independently. Proteins related to domain II are
not always associated with protein splicing inteins and(Cooper et al., 1993; Chong et al., 1996). Due to their
nearly neutral pKa's, these residues could act as general perform a variety of biological functions in different con-
texts (see Introduction). Similarly, there are two exam-acids or bases, functions required in a majority of the
proposed steps in splicing mechanisms (discussed be- ples of inteins, from the Mycobacterium xenopi gyrA
and Porphyra purpurea dnaB genes (Perler et al., 1997),low). At the former N-terminal and C-terminal intein±
extein junctions, Cys-1 and Asn-454 lie in close proxim- that are only related to domain I.
Based on these observations, we hypothesize thatity (2.9 AÊ between SG and OD2), which would be
consistent with Cys-455 acting as a nucleophile to the VMA1 intein is encoded by a composite gene that
resulted from the invasion of an endonuclease ORF intocleave the thioester at Cys-1 and forming the branched
intermediate. In addition, His-79 is closely situated to a preexisting gene that encoded a protein with protein
splicing activity or that later evolved this activity. TheCys-1 and may act as a proton donor/acceptor to facili-
tate the N-to-S acyl shift and transesterification reac- endonuclease ORF is likely to have been the mobilizing
entity rather than the protein splicing ORF, becausetions (Pietrokovski, 1994). Indeed, the imidazole side
chain of His-79 is closely situated toCys-1, which under- endonucleolytic activity is required for intein and intron
homing. Furthermore, the fact that the endonucleasegoes the N-to-S acyl shift. The distance between His-
79 and Cys-455, the putative nucleophile that initiates ORF is embedded in the middle of the protein splicing
Cell
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ORF provides additional circumstantial evidence that it are widely separated. Despite these differences, the
cleavage mechanism of these endonucleases will likelywas the invading entity. Once these genes were fused,
we speculate that the entire endonuclease-splicing ORF prove to be very similar. However, understanding how
the two asymmetric DNA strands are cleaved by onefunctioned as a mobile element that inserted into the
VMA1 locus. The symbiotic association of the endonu- active site in homing endonucleases is a very interesting
challenge.clease ORF with the splicing ORF benefits both entities.
The endonuclease ORF is associated with a gene that The three-dimensional structure reported here paves
the way for investigations that will elucidate the molecu-encodes a polypeptide that safely removes itself and
the endonuclease from the vacuolar H1-ATPase host lar recognition functions and catalytic activities of PI-
SceI. Further experiments (e.g., site-directed mutagene-protein and prevents any deleterious effects to the host.
By allying itself with an endonuclease ORF, the splicing sis) suggested by the structure will enable us to test
several predictions that result from the detail that itgene is assured of mobility within the same species and
eventually to new species as well, perhaps by horizontal provides.
transmission. This scenario is analogous to proposed
Experimental Proceduresmodels that explain the association of Group I introns
and endonuclease ORFs (Belfort, 1989; Lambowitz,
Protein Purifications and Crystallization1989). There, the intron provides a means of removal
The procedures for overexpression and purification of recombinant
to the endonuclease ORF by RNA splicing rather than wild-type PI-SceI have been previously described (Gimble and Ste-
protein splicing, and the endonuclease ORF allows the phens, 1995). The selenomethionyl (Se-Met) PI-SceI was overex-
pressed from E. coli DL41 (DE3), a methionine auxotroph strainintron to mobilize to new locations in the genome. Evi-
(Hendrickson et al., 1990). A starter culture of E. coli strain DL41dence for the original invasion of the intron by the endo-
(DE3) (gift of W. A. Hendrickson) containing the expression plasmidnuclease ORF comes from phage T4, where it has been
pT7PI-SceI ESARC (Gimble and Stephens, 1995) was grown over-shown that the sunY intron±encoded I-TevII endonucle-
night at 378C in Luria broth with 100 mg/ml ampicillin. This culture
ase can cleave a synthetic intron that lacks the endonu- was diluted 1/100 (v/v) into a defined medium (Hendrickson et al.,
clease ORF (Loizos et al., 1994). The fused intron-endo- 1990) lacking methionine but containing 50 mg/ml D,L selenomethi-
one (Sigma) and grown overnight at 328C. This culture was thennuclease ORF could then move to new genomic
diluted 1/200 (v/v) into the same medium and grown to OD600 of 0.6locations. By analogy, if the PI-SceI endonuclease ORF
at 328C, at which time isopropyl-1-thio-b-D-galactopyranoside wasinvaded a protein splicing gene, a PI-SceI target site
added to 0.5 mM. Growth was continued at 328C overnight, and thewould be predicted to occur at the border between do-
protein was purified as previously describedfor the wild-type protein
mains I and II. However, none is observed, perhaps due (Gimble and Thorner, 1993). The endonuclease activity of the Se-
to the further evolution of the intein. Met PI-SceI is indistinguishable from that of the wild-type protein.
Both wild-type and Se-Met PI-SceI were crystallized at room tem-
perature using the hanging drop vapor diffusion method over a
reservoir solutioncontaining 4% PEG 6K,10 mM b-mercaptoethanolComparison of Endonuclease Structures
(bME), 3 mM CdCl2, 1 mM MgCl2, and 100 mM Tris (pH 8.5). The 2With the exception of the similarity with the catalytic
ml drops of the protein (8 mg/ml in 5 mM bME and 20 mM Tris [pHcharged residue triad, PI-SceI endonuclease is very dif-
8.0]) were mixed with an equal volume of the reservoir solution.
ferent from EcoRI, PuvII, EcoRV, and BamHI restriction Relative to the wild-type protein, Se-Met PI-SceI crystals were big-
endonucleases, which together do not show common ger and easier to reproduce and showed diffraction to higher resolu-
tion.The crystalsbelong to space group P21 with unit cell parametersfeatures. The Type II restriction enzymes function as
a 5 59.6 AÊ , b 5 102.9 AÊ , c 5 87.4 AÊ , and b 5 94.38 for the wild-homodimers, with each subunit interacting with a sepa-
type protein crystal measured with laboratory area detector, andrate half-site of a palindromic sequence, whereas PI-
a 5 59.8 AÊ , b 5 102.4 AÊ , c 5 87.1 AÊ , and b 5 94.18 for the Se-MetSceI is a monomeric protein that contacts an extended
protein measured using synchrotron data. There are two molecules
asymmetric site. This points to a difference in strategy; per asymmetric unit, and the solvent content is about 53%. Crystals
the use of a palindromic target limits the size of the for data collection were stabilized in the mother liquor, which con-
tained 20% glycerol, and flashcooled to 21708C in liquid nitrogen.recognition site and the selectivity, but the dimeric com-
position of restriction enzymes permits a smaller subunit
Data Collectionsize (Schleif, 1988). The PI-SceI monomer, on the other
MAD data were collected from one frozen crystal at the HHMI X4Ahand, is approximately twice as long as the restriction
beam line of the National Synchrotron Light Source (NSLS). The
endonucleases but recognizes a significantly longer tar- optimal wavelengths for Se data collection at NSLS weredetermined
get. Consequently, the 6 bp binding sites of the four by measuring fluorescence scan with a scintillation counter using
the frozen PI-SceI crystal from which data were taken. The oscilla-restriction enzymes reside in a U-shaped cleft formed
tion data were then collected at the absorption edge (0.9794 AÊ ),between the two monomers (Aggarwal, 1995), whereas
peak (0.9790 AÊ ), and remote peak (0.9656 AÊ ) using inverse beamthe deduced DNA-binding site of PI-SceI covers a much
geometry with an oscillation angle of 1.28. The data were indexedwider area of the protein surface (Figure 5). Although
and integrated using the program DENZO and scaled within each
the three charged residues in the active site of the four wavelength using SCALEPACK (Otwinowski and Minor, 1997) with-
restriction endonucleases are similar to those of PI-SceI, out merging (Table 1). For the refinement, the data of the remote
wavelength were processed to the limit of diffraction (2.4 AÊ ) andthe locations of these residues differ between the re-
merged, ignoring the anomalous difference.striction endonucleases and PI-SceI. They are clustered
at a b-hairpin turn in the restriction endonucleases,
Structure Determinationwhereas those of PI-SceI are clustered at the C termini
MAD phasing using reflections from 10 to 2.6 AÊ was done using
of a pair of helices. Moreover, the charged active site the MADSYS suite of programs (Hendrickson, 1991). Scaled and
residues in the four endonucleases are close to each unmerged data were used in phasing and were subjected to local
scaling to reduce noise in the Bijvoet signal and in the dispersiveother in the sequences, whereas those in the PI-SceI
PI-SceI Homing Endonuclease X-Ray Structure
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signal among the three wavelengths. Scaled data were fitted in Program. F. A. Q. is an Investigator of the Howard Hughes Medical
Institute.MADLSQ to approximate f9 and f99 published values.
As there are 8 Met residues in the wild-type PI-SceI, we expect
a total of 16 selenium sites in the two Se-Met PI-SceI molecules
Received March 12, 1997; revised April 8, 1997.within the asymmeteric unit. The positions of 8 initial selenium atoms
were determined from the anomalous difference Patterson map of
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